Marker Quality Assessment

Sequence alignment and marker response evaluation
In recognition of the important role that duplicated regions play in NAHR-mediated CNV formation and their association with "CNV hotspots," there has been a recent shift to include probes specifically targeting duplicated regions. While the inclusion of such probes is an improvement over early platform designs, repeat regions require careful attention to detail.
Probes which cross-hybridize to many locations in the human genome can be difficult to interpret, since a detectable variation in probe log2 intensity ratio may reflect copy number variation at one or several indistinguishable loci. Additionally, if a significant proportion of a probe's raw signal comes from cross-hybridization to off-target sequences, which may include 1 basepair mismatch sequences (3) (4) (5) , then the intensity ratio response to a change in copy number at the probe's targeted locus will be reduced. We hypothesized that the most significant proportion of these confounding cross-hybridization interactions come from off-target perfect match and single base pair mismatch sequences which may be present in the genome. An analysis involving alignment of all Affymetrix SNP 6.0 probe sequences to the human genome paired with regression of probe level response on HapMap copy number state at 1,319 copy number loci reported in McCarroll et al. (6) was undertaken to assess the magnitude of crosshybridization effects on marker-level response to copy number variation and the extent to which markers on the Affymetrix SNP 6.0 platform are affected.
Alignment of 25-mer Affymetrix probe sequences was performed with a custom implementation of the short sequence alignment algorithm implemented in Eland (A.J. Cox, unpublished) and Maq (7) . Briefly, every 25-mer sequence was broken into 4 non-overlapping 6-mer tiles. If a pair of tiles was found to have a perfect match with a paired 6-mer tile index of the genome, an ungapped extension was performed to determine if the sub-alignment generated a hit of interest. By design, the algorithm detects perfect match, single base pair mismatch, and two base pair mismatch hits with perfect sensitivity and specificity. Because SNP copy number signal on the Affymetrix SNP 6.0 platform is based on the sum of signals from two allele specific probes which differ from one another by a single base pair, both sequences needed to be aligned to the whole genome in order to accurately assess the number of off-target perfect match and mismatch hits throughout the genome for each SNP marker. The distributions of perfect match and mismatch hit counts detected by alignment for SNP and CN markers are shown in Supplemental Figure 1a .
Taking advantage of the expected linear relationship between intensity ratio and underlying copy number state, a simple linear regression of the form ratio = β 0 + β 1 CN state was performed on a marker basis in order assess a marker's sensitivity for detecting copy number variation.
The coefficient, β 1 , which represents the change in intensity ratio per unit increase in copy number, can be a potential surrogate for a measure of marker sensitivity (see inset of 
Segmentation algorithms
Gain and Loss Analysis of DNA (GLAD)
The R implementation of the GLAD (9) algorithm was obtained from Bioconductor (GLAD package). Briefly, GLAD iteratively finds the maximum length region around each marker position in which the signal of contiguous markers is consistent with a constant copy number based on a maximum likelihood estimate. Segmentation was performed according to the recommended default settings, with the exception of the parameter d, which controls the penalty associated with marker distance when adding additional markers to a possible GLAD segment. (default) and 12.
Circular Binary Segmentation (CBS)
The R implementation of the CBS (10) algorithm was obtained from Bioconductor ('DNAcopy' package). Briefly, CBS considers all pairs of marker indices as locations of possible breakpoints within a given segment, starting with a whole chromosome. CBS evaluates a t-test statistic comparing the log2 intensity ratio of markers between the breakpoints versus those outside of the breakpoints, and a new segment is called from the paired indices which generate the maximum t-test statistic, whose associated P-value must be less than a given threshold, alpha. This procedure is called recursively on all segments thus generated until the P-values associated any additional segments that could be generated always exceed alpha.
Segmentation was performed according to the default settings, with the exception of the parameter alpha. Three values of alpha were considered: alpha = 0.002, 0.010 (default), and 0.050. We also considered the parameter sdundo, which merges adjacent segments whose signals are not a specified number of standard deviations apart following segmentation. In conjunction of with alpha = 0.010, we applied sdundo = 2, to merge segments which are not at least 2 standard deviations apart.
Hidden Markov Model (HMM)
HMM segmentation was performed using the algorithm provided in the standard APT workflow.
Default parameters were used. A similar approach was implemented by McCarroll et al. (6) in combination with custom analysis looking at cross sample correlation of consecutive probe signal (8) .
Thresholds to Call CNVs
The distribution of mean log2 ratio signal from all segments produced by the different combinations of the segmentation algorithms and their associated parameters that we applied to 
Supplemental Figure 1a. Whole Genome Alignment of Affymetrix Markers
Empirical cumulative distribution of the proportion of Affymetrix SNP 6.0 markers which are detected to have a given number of perfect match or single base pair mismatch hits as determined by aligning 25-mer marker sequences to the hg18 build of the human genome. Briefly, the empirical cumulative distribution function (ECDF) determines the proportion of probes with a number of hits less than or equal to the hit count considered on the x-axis. The two classes of CN and SNP markers are considered separately as are perfect match and single base pair mismatch hits. Note that for each SNP marker, there are two allelic probes differing by only one base pair which are aligned together, and it is the combined total of the hits determined by aligning the two sequences that are considered. One may infer from the ECDF that approximately 99.45% of CN markers have only one perfect match across the whole genome, whereas the remaining 0.55% map to more than one location, with some CN markers mapping to as many as 6 locations. Similarly for SNPs, nearly 99.28% of SNP markers have only one perfect match across the whole genome, whereas the remaining 0.72% map to more than one location, with some SNP markers mapping to thousands of locations. For CN markers, 93.33% have no 1 bp mismatch hits across the genome, though some of the 6.67% that do have more than a thousand 1 bp mismatch hits. For SNP markers, the allelic probe which does not match the reference genome sequence will always contribute a 1 bp mismatch hit at the target locus. This explains why nearly 96% of SNP markers have a single 1 bp mismatch hit, which should not be considered off-target. However, 4.02% of SNP markers are detected to have additional, off-target 1 bp mismatch hits, with some SNP markers having tens of thousands of off-target 1 bp mismatch hits.
Supplemental Figure 1b. Evaluation of Marker Sensitivity (Inset)
Linear dependence of intensity ratio on underlying copy number, illustrated for 13 Affymetrix markers overlapping Variant_38811 from the Database of Genomic Variants (DGV). Variant_38811 exhibits 4 distinct copy number states, homozygous deletion (CN = 0), hemizygous deletion (CN = 1), no change (CN = 2), and one copy gain (CN = 3). A median intensity ratio across the subset of 270 HapMap samples exhibiting a given, known copy number state is plotted for each marker across all 4 copy number states. In addition, a color gradient represents the number of off-target perfect match or 1 bp mismatch hits that were detected by aligning each marker sequence to the whole genome, with blue representing 0 offtarget hits and red representing 20 or more off-target hits. In addition to observing the linear dependence of intensity ratio on underlying copy number, one may also observe that a high number of off-target hits reduces marker sensitivity to detect real copy number change, as evidenced by a more flattened slope. The two markers which exhibit nearly zero slope (no sensitivity to detect copy number change) both align perfectly to two distinct genomic locations. In addition, one of these two markers aligns to 24 genomic locations with 1 bp mismatch and the other aligns to 140 genomic locations with 1 bp mismatch. Presumably, poor marker fidelity results in a high degree of cross-hybridization, drowning out signal at the targeted locus. Plotted on the x-axis is the total number of off-target perfect and single base pair mismatch hits found by aligning a marker's sequence against the whole genome, which is used to bin regression coefficients. There is a trend toward decreased marker sensitivity as the number of off-target hits increases, and notably markers with 50 or more offtarget hits exhibit on average only 15% of the response sensitivity of probes with no off-target hits. Figure 1c . Marker Response within a Known CNV. Distribution of log2 intensity ratios for three adjacent Affymetrix markers targeting a DGV-annotated locus of frequent copy number variation, Variation_38050 (chr4:64,380,064-64,390,818) across the observed copy number states of CN=0, 1, 2 in 270 HapMap data. Markers CN_1052070 (chr4:64,388,334) and CN_1052072 (chr4:64,390,164) each map to just one perfect match location in hg18, indicating that they are specific to their respective targeted loci. Marker CN_1052071 (chr4:64,388,368) is non-specific, mapping to an another perfect match location in hg18 in addition to 11 single basepair mismatch locations. For hemi-and homo-zygous deletions, markers CN_1052070 and CN_1052072 show the expected decrease in log2 intensity ratio whereas CN_1052071 is unresponsive, consistent with an off-target crosshybridization effect. Unresponsive markers with low specificity are a confounding factor in CNV analysis, and can lead to an underestimation of CNV amplitude or miscalling CNV breakpoints.
Supplemental
Supplemental Figure 2. Thresholding Affymetrix Segment Mean Log2 Ratio Signal
Distribution of mean log2 ratio signal from all segments produced by different segmentation algorithms and their associated parameters applied to preprocessed Affymetrix data. A sharp, zero-centered peak is indicative of a cluster of segments which show no change with respect to the reference. Discernable clusters which are less than zero are segments which show copy number loss relative to the reference, and those clusters which are greater than zero are indicative of copy number gain relative to the reference. Based on the boundaries of the zerocentered, no copy number change peak, an upper bound of -0.15 segment mean log2 ratio signal is applied when calling copy number loss in segmented Affymetrix data, and a lower bound of 0.15 segment mean log2 ratio signal is applied when calling copy number gain. These thresholds are indicated by the vertical red lines in each plot.
Supplemental Figure 3. Distribution of median signal intensities in NA10851 reference
Histogram of median reference channel signal intensities computed for each CNV and each experiment across all probes within the CNV. We assume that the first three peaks on this signal intensity distribution correspond to 0, 1 and 2 copies, and conservatively estimate that the reference sample has 2 copies in CNVs with median signal intensities ranging between 450 and 700 counts.
Supplemental Figure 4. FNR Evaluated for Segmental Duplication CNVs FNR evaluated by comparing Affymetrix copy number deviation profiles with an Agilent gold standard across 42
HapMap samples, considering only CNVs which overlap segmental duplications. The overall FNR rates shown here reflect an increase in FNR of 9-27% with respect to what is observed for only non-segmental duplication CNVs. This difference primarily reflects relatively poor performance in the 11 or more Agilent marker subcategory prior to the exclusion of segmental duplications, where FNR is 20-30% higher across algorithms. The segmental duplication CNVs which are poorly detected are large, with good coverage by the Agilent platform, but are low amplitude because of an inherently higher copy number reference. These low amplitude CNVs are not always detected by segmentation of log2 intensity ratio data from the Affymetrix platform, resulting in higher FNR.
Supplemental Figure 5. FPR Evaluated for Segmental Duplication CNVs FPR evaluated by comparing Affymetrix copy number deviation profiles with an Agilent gold standard across 42
HapMap samples, considering only CNVs which overlap segmental duplications. The overall FPR rates shown here reflect an increase in FPR of 12-23% with respect to what is observed for only non-segmental duplication CNVs. This difference primarily reflects relatively poor performance in the 30 or more Affymetrix marker subcategory prior to the exclusion of segmental duplications. The segmental duplication CNVs which are poorly detected are large, with good coverage by the Affymetrix platform, but are low amplitude because of an inherently higher copy number reference. Although we treat CNV profiles determined by the Agilent platform as our gold standard, these large but low amplitude copy number deviations may represent real CNVs which were not originally detected by the Agilent platform, likely owing to relatively poor coverage and poor signal to noise characteristics associated with segmental duplication CNVs. Although single marker data is inherently noisy, it is still be possible to make rough copy number assignments for each sample. For this set of samples, two copy number state classes, CN=1 and CN=2, are resolved by both platforms, corresponding to the left and right clusters, respectively. Note that the number of samples within each cluster (11 of 30 in the left, CN=1 cluster, and 19 of 30 in the right, CN=2 cluster) is concordant between the two platforms. Figure 8 . Allele specific intensities for the Affymetrix SNP 6.0 marker, SNP_A-8528986, across 270 HapMap samples. Marker SNP_A-8528986 targets a SNP (rs13140179) at chr4:70,205,869, which overlaps a CNV -copy number states equal to 2, 1 (hemizygous deletion), and 0 (homozygous deletion). For HapMap samples with copy number of 2 at the CNV locus, any of the AA, AB, or BB genotypes may be observed, as evidenced by three distinct clusters -high A intensity with low B intensity (AA), roughly equal A and B intensity (AB), and high B intensity with low A intensity (BB). For samples with hemizygous deletion, the heterozygous genotype is never observed. Samples with homozygous deletion exhibit low signal and do not cluster well with any of the AA, AB, or BB genotype clusters. The effect of copy number variation on allele specific intensities and genotype calls may be used to aid in segmentation of log2 intensity ratio data and CNV calling. Summary statistics for the number of CNVs detected by the Agilent platform which are used for evaluating FNR and summary statistics for the number of copy number deviations detected by the Affymetrix platform which are used for evaluating FPR on an average per sample basis. These statistics reflect the number of Agilent CNVs and Affymetrix copy number deviations used for evaluating FNR or FPR, respectively, after consideration of the overlap criteria described in the main text. The Agilent gold standard set of CNVs which serves as the reference set for evaluating FNR is independent of Affymetrix segmentation, and is therefore independent of segmentation algorithm. However, the set of Affymetrix copy number deviations used for the evaluation of FPR is dependent on segmentation algorithm. Summary statistics for the number of CNVs detected by the Agilent platform and summary statistics for the number of copy number deviations detected by the Affymetrix platform considered per segment subcategory. These statistics reflect the number of Agilent CNVs and Affymetrix copy number deviations obtained directly from segmentation, as well as the subset of Agilent CNVs and Affymetrix copy number deviations which are used for evaluating FNR or FPR, respectively, after consideration of the overlap criteria described in the main text, similar to Supplemental Table 2 . In addition, summary statistics are considered for the subset of Agilent CNVs and Affymetrix copy number deviations meeting the overlap criteria which do not overlap segmental duplications, similar to Supplemental Table 3 .
Supplemental
